Multifocal visual evoked potentials to cone specific stimuli in patients with retinitis pigmentosa  by Holopigian, K. et al.
www.elsevier.com/locate/visres
Vision Research 45 (2005) 3244–3252Multifocal visual evoked potentials to cone speciﬁc stimuli
in patients with retinitis pigmentosa q
K. Holopigian a,*, S.M. Shuwairi b, V.C. Greenstein a, B.J. Winn b,
X. Zhang b, R.E. Carr a, D.C. Hood b
a Department of Ophthalmology, New York University School of Medicine, BEL 5N15, 462 First Avenue, New York, NY 10016, USA
b Department of Psychology, 406 Schermerhorn Hall, 1190 Amsterdam Avenue, Columbia University, New York, NY 10027-7004, USA
Received 17 December 2004; received in revised form 13 May 2005Abstract
Our aim was to determine whether patients with retinitis pigmentosa show diﬀerences in L- and M-cone multifocal visual evoked
potential (mfVEP) responses that are eccentricity dependent, as has been shown for control subjects. Second, we compared the losses
for mfVEPs to losses on achromatic visual ﬁeld and multifocal electroretinogram (mfERG) measures in the patients. Monocular
mfVEPs were recorded to a pattern reversing display that modulated only the L- or M-cones. Also, standard automated achromatic
visual ﬁelds and mfERGs were obtained. For the control subjects, the ratio of L-cone to M-cone mfVEP amplitudes increased as a
function of retinal eccentricity. For the patients, the ratio did not vary with eccentricity. For all measures, responses were least aﬀect-
ed for the ﬁrst ring (central 2.4) and most aﬀected for the third ring (11.6–44.4). For the ﬁrst ring, mfERG amplitudes were more
impaired than were the mfVEPs or the visual ﬁeld thresholds. For most of the patients, there was local response correspondence
among our measures of visual function.
 2005 Elsevier Ltd. All rights reserved.
Keywords: Color vision; Retinitis pigmentosa; Multifocal ERG; Multifocal VEP; Visual ﬁelds1. Introduction
Retinitis pigmentosa (RP) is a group of inherited,
progressive, retinal degenerative diseases. Patients with
RP report a variety of symptoms including poor night
vision, peripheral visual ﬁeld loss, photophobia and
changes in color vision. The visual ﬁeld losses typically
begin in the mid-periphery and progress until only a042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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Tdoi:10.1016/j.visres.2005.05.018central visual area of 10 or less remains (Carr & Hec-
kenlively, 1986; Madreperla, Palmer, Massof, & Finkel-
stein, 1990). Typically, visual ﬁeld loss is symmetric for
both eyes (Massof et al., 1979), however, the actual
pattern of visual ﬁeld loss may vary considerably across
patients. Seiple, Clemens, Holopigian, Greenstein, and
Carr (2002) assessed local measures of psychophysical
function (acuity, contrast sensitivity, and luminance
detection) as a function of eccentricity in a group of
patients with RP. These authors found diﬀerent patterns
of loss among the patients; no single measure of visual
function adequately described the losses. Therefore,
the examination of local topographic measures is useful
in characterizing visual function in patients with RP.
The multifocal electroretinogram (mfERG) and the
multifocal visual evoked potential (mfVEP) are two
techniques that have been used to provide topographical
Table 1
Patient characteristics
Patient RP type Gender Age Acuity
P1 U II F 28 20/30
P2 AR F 40 20/202
P3 IS M 45 20/161
P4 AD F 41 20/20
P5 AR F 51 20/25+2
P6 IS F 28 20/32
P7 IS M 46 20/20
P8 AD F 54 20/20+1
P9 IS M 30 20/20
P10 IS M 48 20/20
AD = autosomal dominant; AR = autosomal recessive ; IS = isolated;
UII = Ushers Type II.
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eases (Hood, 2000; Hood & Greenstein, 2003; Sutter &
Tran, 1992). Recently, the recording of cone-speciﬁc
multifocal electrophysiological responses has provided
new information about the sites and mechanisms of nor-
mal color vision and as well as information about local
topography and disease action in patients. For example,
Albrecht, Jagle, Hood, and Sharpe (2002) and Hood
et al. (2002a) have demonstrated that, in control sub-
jects, the L-and M-cone amplitude ratios for both the
mfERG and the mfVEP vary with eccentricity. Howev-
er, the relationship between L- and M-cone numbers
and local electrophysiological responses is complex.
There is evidence to suggest that there are more L- than
M-cones in the central retina, and that the L- to M-cone
ratios among individuals vary considerably, from less
than 1.0 to 10.0 (e.g., Albrecht et al., 2002; Hood
et al., 2002a). Despite this, L- and M-cone mfVEP
amplitude ratios may be close to unity. It has been pro-
posed that this response normalization is due to a shift
in gain distal to the bipolar cells but prior to the parvo-
cellular pathway that is predominantly responsible
for generating the centrally weighted VEP response
(Albrecht et al., 2002; Hood et al., 2002a).
The current study had two goals. The ﬁrst was to
determine whether patients with RP would show diﬀer-
ences between the L- and M-cone system responses as
measured with the mfVEP and to compare whether
the ratio of L- and M-cone VEP responses varied with
eccentricity. To answer this question, isolated L- and
M-cone system mfVEP responses were measured in a
group of patients with RP and compared to responses
obtained from a group of age-similar control subjects.
The second goal of the study was to determine if mfVEP
topography was similar to other measures of local
topography in patients with RP. The mfVEP measures
were compared to standard automated achromatic visu-
al ﬁeld sensitivities and achromatic mfERG responses
obtained from the same group of patients.2. Methods
2.1. Subjects
Ten patients with RP, recruited from the practice of
one of the authors (REC), participated in the study.
The diagnosis of RP was based on funduscopic exami-
nation and results from full-ﬁeld ERG, visual ﬁeld and
dark-adapted sensitivity testing (see Table 1). These pa-
tients were chosen based on the presence of good central
vision (visual acuity of 20/30 or better) and dynamic cen-
tral visual ﬁelds (Goldmann V4e) with diameters of 10
or greater (range 10–130, mean = 37.7). The patients
had no evidence of cystoid macular edema, had neither
clinically signiﬁcant cataracts nor any other ocular orsystemic diseases. The RP group had a mean age of
41.1 ± 9.5 years. The control group consisted of sixteen
age-similar observers with normal visual acuity and nor-
mal ophthalmic exams with a mean age of 35.8 ± 15.5
years. All subjects gave informed consent to participate
following a full explanation of the procedure. Tenets of
the Declaration of Helsinki were followed, and informed
consent was obtained after the nature and possible con-
sequences of the study were explained. The Institutional
Review Board of Research Associates of New York
University School of Medicine and Columbia University
approved the research.
2.2. Apparatus and procedures
For all subjects, the eye with the better visual acuity
was tested. If the acuity was the same in both eyes, the
right eye was tested. For all of the measures, the tested
eye was best-corrected for the viewing distance and the
contralateral eye was patched. The visual ﬁeld tests,
mfERG and full-ﬁeld ERGs were performed at New
York University School of Medicine and the mfVEPs
were performed at Columbia University.
2.2.1. Automated achromatic perimetry
Threshold visual ﬁelds were obtained using the Hum-
phrey visual ﬁeld analyzer (Program 30-2, full threshold
procedure, target size III). Foveal thresholds were ob-
tained for each patient. For one patient, 30-2 visual
ﬁelds were not available; instead the results from a mod-
iﬁed Humphrey threshold program that measured 103
points were used (Hood et al., 1998).
2.2.2. Multifocal electroretinograms (mfERGs)
Following pupil dilation (1% tropicamide and 2.5%
phenylephrine hydrochloride), cone system mfERGs
were recorded. The mfERG technique used in this study
was based on the work of Sutter and Tran (1992) and
has been described in detail elsewhere (Hood et al.,
1998). Brieﬂy, the stimulus was an array of 103 hexa-
gons that were scaled with eccentricity. At the viewing
3246 K. Holopigian et al. / Vision Research 45 (2005) 3244–3252distance of 32 cm, the hexagon display subtended 46
horizontally and 39 vertically. A central X was used
for ﬁxation. On each frame, every hexagon had a 50%
probability of being white or black (0 F). The luminance
of the white hexagons was 200 cd/m2 and the luminance
of the black hexagons was 7 cd/m2; the surround lumi-
nance was 100 cd/m2. The mfERGs were recorded with
a bipolar Burian–Allen electrode and the ipsilateral ear
served as ground. The mfERG signal was ampliﬁed
(Grass P511J preampliﬁer; 100 K), sampled at 1200 Hz
and band-pass ﬁltered between 10 and 300 Hz. Two
recordings were obtained (3.6 min each) and combined
for analysis. Pupil position was monitored with a
CCD camera.
2.2.3. Multifocal visual evoked potentials (mfVEPs)
The mfVEPs were recorded to a 60-sector dartboard
display containing a checkerboard pattern (see Fig. 1)
produced with VERIS software from EDI (Electro-
Diagnostic Imaging, San Mateo, CA). The entire display
subtended a diameter of 44.4 and the sectors were
scaled according to cortical magniﬁcation (Baseler, Sut-
ter, Klein, & Carney, 1994). The central four sectors
subtended a central area with a diameter of 2.4 of the
visual ﬁeld, corresponding to the fovea.
Two stimulus displays were used for recording
mfVEPs, L-cone modulated and M-cone modulated.
For the L- and M-cone modulated stimuli, each of the
60 sectors was composed of 16 checks; eight red and
eight green. For these chromatic stimuli, the display
was designed to pattern-reverse between red and green
calibrated to isolate either L- or M-wavelength sensitive
cones. For example, with L-cone modulation, the pat-
terns alternated between red and green adjusted to be
equally eﬀective (i.e., of equal quantal catch) for the S-
and M-cones; therefore, only the L-cones were modulat-
ed with this stimulus (see Albrecht et al., 2002 and Hood
et al., 2002a for details). The mean luminance of the dis-Fig. 1. A black and white cartoon of the multifocal VEP stimulus.play was set at 30.4 cd/m2 (red patch), 14.4 cd/m2 (green
patch), and 35.8 cd/m2 (background) for the L-cone
modulation, and 30.4 cd/m2 (red patch), 40.3 cd/m2
(green patch), and 35.8 cd/m2 (background) for the
M-cone modulation. The contrast for both L-cone mod-
ulation and M-cone modulation was 47%. The stimulus
array was displayed on an Apple Studio Display moni-
tor (Apple Computer, Inc., Cupertino, CA) driven at a
frame rate of 75 Hz.
Three channels of recording were obtained using gold
cup electrodes. For the midline channel, electrodes were
placed 4 cm above the inion (active), at the inion (refer-
ence), and on the forehead (ground). For the other two
channels, the same ground and reference electrode were
used, but the active electrodes were placed 1 cm up and
4 cm lateral to the inion on either side. By subtracting
diﬀerent combinations of pairs of channels, three addi-
tional channels were obtained, resulting in six channels
of recording. A black cross was used for ﬁxation. Seg-
ments that were observed to be contaminated by eye
movements, loss of ﬁxation, and/or external noise were
rejected, discarded, and re-recorded. See Hood, Zhang,
Hong, and Chen (2002b) for details on this recording
conﬁguration. The continuous VEP record was ampli-
ﬁed and the low and high frequency cutoﬀs were set to
3 and 100 Hz (Grass preampliﬁer P511J, Quincy, MA)
with a sampling rate of 1200 Hz (every 0.83 ms). An
m-sequence with 215-1 elements was used and one run
took approximately 7 min of recording time, divided
into 27-second segments. The 16-element checkerboard
of each sector had a probability of 0.5 of reversing on
any pair of frame changes, determined by the pseudo-
random (m) sequence. For each condition (L-cone sys-
tem, M-cone system) two seven-minute recordings
were obtained and combined for analysis. Local sec-
ond-order components were extracted using VERIS
software from Electro-Diagnostic Imaging. See Baseler
and Sutter (1997) and Hood and Greenstein (2003) for
more details on the mfVEP procedure.
2.2.4. Analysis
The threshold visual ﬁelds, the mfERG and the
mfVEP all measure local topography, but the responses
are not obtained from corresponding locations with
these techniques. Since one of the objectives of this study
was to compare across these measures, it was necessary
to represent the obtained values from these measures on
comparable spatial maps. Fig. 2 shows examples of the
diﬀerent measures with the rings representing the same
visual extent. Ring 1 extends to 2.4, ring 2 to 11.6
and ring 3 to 44.4. See Hood and Greenstein (2003)
for more information on this comparison technique.
Note that the rings do not include the same number of
points for analysis (e.g., ring 1 for the Humphrey and
mfERG measures contain one point and for the mfVEPs
it contains four points).
Fig. 2. Examples of the visual ﬁeld, L- and M-cone mfVEP and mfERG results for two of the patients with RP (P1 and P8) and for one control
subject. Figure 2A shows the visual ﬁeld threshold data converted into diﬀerence scores. Black squares represent points that are within normal limits,
light blue squares represent points that are beyond the normal range at the 0.05 level and dark blue squares represent points that are beyond the
normal range at the 0.01 level. Figure 2B shows the superimposed trace arrays for the L-andM-cone mfVEP recordings. The L-cone traces are shown
in red and the M-cone traces are shown in green. Figure 2C shows the trace arrays for the standard achromatic mfERG recordings. Figure 2D shows
an example of results from a control subject. The top display shows superimposed trace arrays for L-and M-cone mfVEP recordings and the bottom
display shows the trace array for a standard mfERG recording.
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converted to linear units (antilog (db value/10)) for anal-
ysis. The threshold values were then divided by the aver-
aged threshold values from the control group to yield
relative sensitivity values. For the mfERG data, for each
ring the trough to peak amplitude was measured from
the trough of the ﬁrst negative wave to the peak of the
ﬁrst positive wave using the VERIS software from
EDI (Electro-Diagnostic Imaging, San Mateo, CA).
The amplitudes were then divided by the averaged
amplitudes for the control group to yield relative ampli-
tude values. Implicit times were measured from the
trough of the negative wave to the peak of the positive
wave and were converted to relative implicit time values.
For the mfVEP data, the root-mean square (RMS) volt-
age was calculated for the period from 45 to 150 ms (the
signal window) and for the period from 325 to 430 ms
(the noise window). The signal-to-noise ratio for each
response was calculated as the RMS voltage of the sig-
nal divided by the RMS voltage of the noise (see Hood
& Greenstein, 2003 and Zhang, Hood, Chen, & Hong,
2002 for details). For each of the 60 locations, the chan-
nel with the largest SNR was chosen for analysis from
the six possible channels. The values for each sector were
then compared to control mfVEPs analyzed in the same
manner to derive relative amplitude values.Fig. 3. The Humphrey visual ﬁeld results are shown as a function of
retinal eccentricity. The results from each patient are shown as a
separate symbol. The results are plotted as relative sensitivity from the
mean of the control values. The error bars show ± the 95% conﬁdence
intervals.3. Results
3.1. Humphrey visual ﬁelds
All the patients showed marked decreases in sensitiv-
ity in the periphery. Fig. 2A shows visual ﬁeld results fortwo patients (P1 and P8) converted into deviation plots.
In these deviation plots, blue squares indicate values
that were signiﬁcantly diﬀerent from a group of control
subjects at the 5% level (light squares) or 1% level (dark
squares) and black squares represent values within the
range of the control subjects. For these two patients,
sensitivity was within normal limits for the ﬁrst ring.
For the second ring, thresholds were within normal lim-
its for one patient and were abnormal for the second
patient. For the third ring, both patients had abnormal
sensitivity at all locations.
The visual ﬁeld results as a function of eccentricity for
all of the patients are summarized in Fig. 3. For each
Fig. 4. The mfVEP amplitudes are shown as a function of retinal
eccentricity. The results from each patient are shown as a separate
symbol. The results are plotted as relative sensitivity from the mean of
the control values. The error bars show ± the 95% conﬁdence intervals.
Fig. 4A shows the L-cone mfVEP results and 4B shows the M-cone
mfVEP results.
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sensitivity (patient data divided by averaged control
data). The dotted line at 1.0 represents normal sensitiv-
ity and the error bars show the 95% conﬁdence intervals
of the mean for the control subjects. For the ﬁrst ring,
four patients had thresholds signiﬁcantly below the
range of the control subjects; for the second ring, seven
patients were below the normal range; and for the third
ring, all of the patients had abnormal thresholds.
3.2. Multifocal VEPs
All of the patients showed relatively smaller mfVEP
responses with increasing eccentricity. Fig. 2B shows
examples of L- and M-cone mfVEP results for the same
two patients shown in Fig. 2A. The results for the L-cone
mfVEP are shown in red and the results for the M-cone
mfVEP are shown in green. Sample results from a repre-
sentative control subject are shown in Fig. 2D (top). Rel-
ative to the control results, the mfVEP results for these
two patients were within normal limits for the ﬁrst ring.
For the second ring, at some locations the responses
were within normal limits and at some locations they
were not. The majority of the responses were abnormal
for the third ring. The mfVEP results as a function of
eccentricity are summarized in Fig. 4. The results are
plotted as relative amplitude (patient data divided by
averaged control data) and the results for each patient
are shown. The dotted line at 1.0 represents normal
amplitude and the error bars show the 95% conﬁdence
intervals for the control subjects. Fig. 4A shows the
L-cone results. For the ﬁrst ring, two patients had ampli-
tudes below the normal range; for the second ring, ﬁve
patients were beyond the normal range and for the third
ring, six patients had abnormal amplitudes. Fig. 4B
shows the results for the M-cone mfVEPs plotted in
the same manner. Two patients had abnormal mfVEPs
for the ﬁrst ring, four for the second ring and four for
the third ring. Among the patients, the pattern of mfVEP
loss for the L- and M-cones was similar, although for the
third ring the magnitude of the losses was greater for the
L-cone mfVEPs than for the M-cone mfVEPs. The mag-
nitude of the L- and M-cone mfVEP losses with eccen-
tricity will be discussed in more detail below.
3.3. Multifocal ERGs
Fig. 2C shows examples of mfERG results for the
same two patients. Sample results from the same control
subject are shown in Fig. 2D (bottom). For the majority
of the patients, the mfERG responses were reduced in
amplitude and delayed (even in the ﬁrst ring) and these
changes increased with increasing eccentricity. Relative
to the control subjects, all of the patients showed abnor-
mal responses in the periphery; this eﬀect was greatest
for patient P1 and least for patient P8.The mfERG results as a function of eccentricity are
shown in Figs. 5A and B. The results are plotted as rel-
ative sensitivity (from the control values) and the results
for each patient are shown. Fig. 5A shows the amplitude
results. The dotted line at 1.0 represents normal ampli-
tude and the error bars show the 95% conﬁdence inter-
vals for the control subjects. Only one patient (P5) had
relative mfERG amplitudes close to 1.0 at two eccentric-
ities; the remainder of the patients had responses that
were reduced in amplitude at all eccentricities. For the
ﬁrst ring, six patients had amplitudes beyond the 95%
conﬁdence intervals; three additional patients had
responses that were less than 60% of the control value.
For the second ring, eight patients had responses that
were signiﬁcantly abnormal and for the third ring, nine
patients had responses that were signiﬁcantly abnormal.
The mfERG implicit time results are shown in Fig. 5B.
The dotted line at 1.0 represents normal timing and
abnormal responses are indicated by values greater than
Fig. 6. The ratio of the L-cone averaged mfVEP amplitudes to the
averaged M-cone mfVEP amplitudes as a function of eccentricity. The
ﬁlled circles show the results for the control subjects and the open
circles the results for the patients. The error bars show ± the 95%
conﬁdence intervals.
Fig. 5. The achromatic mfERG results are shown for the patients as a
function of retinal eccentricity. The results from each patient are
shown as a separate symbol. The results are plotted as relative
sensitivity from the mean of the control values. The error bars show
the 95% conﬁdence intervals. Figure 5A shows mfERG amplitude
results and 5B shows the mfERG implicit time results.
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for the control subjects. For the ﬁrst ring, seven of the
patients had implicit time responses within normal lim-
its. The implicit time loss increased with eccentricity;
for the second ring, six patients had signiﬁcant delays
and for the third ring, seven had signiﬁcant delays.
3.4. Ratio of L-cone/M-cone mfVEP amplitude with
eccentricity
We were also interested in the ratio of L-cone
mfVEPs to M-cone mfVEPs as a function of eccentricity
in our patients, relative to the control subjects. For each
subject, we calculated the ratio of the SNR value for the
L-cone mfVEPs to the SNR value for the M-cone as a
function of eccentricity. Fig. 6 shows the mean ratios
for the control and patient groups for the three rings.
The error bars show the 95% conﬁdence intervals ofthe mean. For the control subjects, the L- to M-cone
mfVEP ratios increased with eccentricity. The mean
ratio was 0.88 for the ﬁrst ring, 1.06 for the second ring
and 1.33 for the third ring. This is consistent with previ-
ously published results (Hood et al., 2002a). For the
patients, the mean ratio did not vary consistently with
eccentricity but was 0.89 for the center ring, 1.05 for
the second ring and 1.02 for the third ring. A repeated
measure analysis of variance indicated that there were
signiﬁcant diﬀerences as a function of eccentricity
(F(2,59) = 11.0, p = 0.0008) and a signiﬁcant interaction
between group (patient vs. control) and eccentricity
(F(2,59) = 8.75, p = 0.002).4. Discussion
4.1. Cone speciﬁc multifocal VEPs
In the current study, we examined L- and M-cone
system multifocal VEPs in a group of patients with
RP. We found that responses to both L- and M-cone
system mfVEPs were reduced, relative to the responses
from our control group. This is consistent with the
results of Scholl and Kremers (2000, 2003) who mea-
sured full-ﬁeld isolated L- and M-cone ERG responses
in patients with RP and patients with cone–rod dystro-
phy and found that the amplitudes of both the L- and
M-cone responses were reduced.
We also examined the relative ratios of the L- and
M-cone mfVEP responses as a function of eccentricity.
For the control subjects, the averaged mfVEP ratio for
the ﬁrst ring was close to 1.0, consistent with Hood
et al., 2002a. For the patients with RP, the averaged
L/M-cone mfVEP ratio for the ﬁrst ring was very similar
Fig. 7. The summarized results for all the tests are shown as a function
of eccentricity. The histogram bars show the relative responses for each
measure, plotted as the average of the patient group divided by the
average of the control group.
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a similar gain shift responsible for generating equivalent
L- and M-cone VEP responses in the control subjects
and the patients with RP.
For our control subjects, the L/M-cone ratios in-
creased with increasing eccentricity. This ﬁnding is also
consistent with the results of Hood et al. (2002a). Hood
et al. (2002a) note that the L-cone and M-cone responses
in the periphery represent equivalent contributions from
the parvocellular (PC) and magnocellular (MC) path-
ways and more closely resemble the actual proportion
of L- to M-cones in the retina. For the patients with
RP, the ratio of L-cone to M-cone mfVEPs did not
increase in the periphery but remained approximately
equal to 1.0 at all eccentricities. There are several possi-
ble explanations for this ﬁnding. The most parsimonious
is that the proportion of L- to M-cones in the peripheral
retina for the patients with RP is diﬀerent than for the
control subjects. If there were relatively equal numbers
of L-cones and M-cones in these patients, it would lead
to equivalent mfVEP ratios in the periphery. Since sub-
jects with normal visual systems are hypothesized to
have a larger number of L-cones in the periphery, this
explanation would require a selective loss of only the
L-cones in the peripheral retinas of the patients. To
our knowledge, however, there is no psychophysical or
anatomical evidence to suggest a diﬀerential loss of
L-cones in the periphery of patients with RP. Scholl
and Kremers (2000, 2003) examined L- and M-cone iso-
lated responses in the full-ﬁeld ERG in patients with RP.
These authors found that the full-ﬁeld responses of the
L-cones were signiﬁcantly phase-lagged (delayed), rela-
tive to normal; whereas the M-cone responses were
phase advanced. The same pattern of results was found
in a group of patients with Stargardts macular dystro-
phy-fundus ﬂavimaculatus, suggesting that it may be a
general ﬁnding for retinal degenerations (Scholl,
Kremers, Vonthein, White, & Weber, 2001). Although
these authors found phase-related changes in the
L- and M-cone ERGs, they did not ﬁnd diﬀerences in
amplitude, so it is not immediately obvious how these
results could produce the eccentricity-dependent mfVEP
pattern seen in our patients.
Another explanation for these ﬁndings is that the
shift in gain responsible for the equivalent L-cone to
M-cone mfVEP amplitudes at the fovea for control sub-
jects might occur at more peripheral retinal locations in
patients with RP. If there is a gain change at more
peripheral locations, the ratios of L- to M-cone respons-
es would be closer to unity than expected. Finally, it is
possible that the patients with RP could have diﬀerences
in the relative contributions of the magnocellular (MC)
and parvocellular (PC) pathways that could underesti-
mate the responses from the L-cone system. Some of
the diﬀerences in the L/M-cone responses in control sub-
jects have been attributed to diﬀerences in the relativecontributions of these two pathways (Hood et al.,
2002a). Patients with RP have larger contrast discrimi-
nation deﬁcits for stimuli that favor the MC pathway
than for stimuli that favor the PC pathway (Alexander,
Barnes, & Fishman, 2003). The diﬀerences in the relative
involvement of these two pathways could contribute to
the mfVEP diﬀerences seen in the current study.
4.2. Comparison among local measures of visual function
in patients with RP
A recent study of a family with RP indicated that the
family members showed similar patterns of losses for the
mfERG and the standard achromatic mfVEP (Anders-
son-Gronlund, Gra¨nse, Ponjavic, & Andre´asson, 2003).
This suggests that the mfVEP might correlate well with
other electrophysiological measures of topography.
However, we found that the relative losses in mfERG
amplitude for the patients were greater than were the
relative losses for visual ﬁeld thresholds or mfVEP
responses (see Figs. 3–5). This was primarily because
the mfERG amplitudes were more abnormal for the cen-
ter ring than were the other measures. This can be seen
in Fig. 7, which shows the relative loss for each measure
summarized by rings. Fig. 7 also demonstrates that the
change with eccentricity was greatest for the Humphrey
thresholds, least for the mfERG measures and interme-
diate for L-cone and M-cone mfVEP amplitudes.
Previous studies of local retinal function in patients
with RP have examined mfERG responses (Chan &
Brown, 1998; Holopigian, Seiple, Greenstein, Hood, &
Carr, 2001; Hood et al., 1998; Kondo, Miyake, Horigu-
chi, Suzuki, & Tanikawa, 1995; Seeliger, Kretschmann,
Apfelstedt-Sylla, Ruther, & Zrenner, 1998). Some of
these studies have compared the local ERG responses
to local psychophysical achromatic thresholds (e.g.,
Holopigian et al., 2001; Hood et al., 1998). These com-
parisons have shown that, for many patients with RP,
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amplitude losses and threshold changes. Some patients,
however, show surprisingly poor correspondence be-
tween their threshold ﬁelds and their mfERG ampli-
tudes. In these patients, the mfERG implicit time
measure was a better predictor of visual ﬁeld loss.
To examine the relationships among our measures, a
Spearman rank order cross-correlation analysis was per-
formed on the patient data as a function of eccentricity.
There were signiﬁcant correlations among many of the
measures (see Table 2). The visual ﬁeld results were sig-
niﬁcantly correlated with L-cone mfVEPs, M-cone
mfVEPs, and mfERG implicit time but not with mfERG
amplitude. The L-cone mfVEPs were signiﬁcantly corre-
lated with all other measures. The M-cone mfVEPS were
signiﬁcantly correlated with all other measures except
mfERG implicit time. The mfERG amplitude was not
signiﬁcantly correlated with either visual ﬁeld thresholds
or mfERG implicit times. The mfERG implicit time was
not signiﬁcantly correlated with either M-cone mfVEPs
or with mfERG amplitude. With respect to individual
patterns of visual loss, we found good qualitative agree-
ment between the visual ﬁeld thresholds and both the L-
and M-cone mfVEPs. For nine of the patients, there was
a good local correspondence between the Humphrey
threshold ﬁelds and the mfVEP results. That is, for ret-
inal areas with Humphrey thresholds within normal lim-
its, the mfVEPs were also within normal limits. For
retinal areas with Humphrey threshold elevations be-
yond the range of normal, the mfVEPs were signiﬁcantly
reduced. While this correspondence across measures was
also present for mfERG amplitudes in some patients,
the mfERG amplitudes tended to be relatively more
aﬀected than the other measures for some patients and
relatively less aﬀected for other patients.
What factors could be responsible for the closer cor-
respondence between the Humphrey thresholds and the
mfVEPs than for the mfERG and these measures? One
possible factor could be diﬀerences inherent in the
mfERG responses and the sites of dysfunction. Hood,
2000 has postulated that patients with mfERG respons-
es that are relatively large yet quite delayed (such as our
patients P6 and P8) may have damage to the outer plex-
iform layer; whereas patients with mfERGs with veryTable 2
Spearman rank order correlations
L-cone M-cone mfERG Amp mfERG IT
Field r = 0.7014a 0.5373a 0.2530 0.5933a
p = 0.0000 0.0023 0.1756 0.0000
L-cone r= 0.8754a 0.4612a 0.4533a
p= 0.0000 0.0106 0.0122
M-cone r= 0.5820a 0.3070
p= 0.0000 0.0978
mfERG Amp r= 0.1545
p= 0.4114
a Probability 60.02.reduced amplitudes may have losses at the level of the
photoreceptors and/or bipolar cells. Hood and Green-
stein (Hood, 2000; Hood & Greenstein, 2003) postulated
that damage at the level of the outer plexiform layer
could be responsible for the marked visual ﬁeld losses
that occur for these patients. The combination of rela-
tively large mfERG responses with very poor Humphrey
thresholds would produce a disparity in the local topog-
raphy of these two measures for some patients, such as
seen in the current study.
4.3. Summary
Our results indicate that there are diﬀerences in the
eccentricity-speciﬁc pattern of L- and M-cone mfVEP
responses between control subjects and patients with
RP. In addition, both the L-cone and the M-cone
mfVEP amplitude measures provide good local corre-
spondence with the Humphrey threshold visual ﬁelds
in patients with RP. The mfVEP results corresponded
less well with mfERG measures in these patients.References
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